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Abstract
We show that experimental results for the masses and mixing of the neutrinos can be understood
naturally by a simple grand unification model of SU(5) coupled to N = 1 supergravity. No right-
handed neutrinos are included. The left-handed neutrinos receive Majorana masses through the
couplings with a Higgs boson of symmetric 15 representation. Introducing 45 representation is
optional for describing the masses of down-type quarks and charged leptons.
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Accumulating experimental results for solar [1] and atmospheric [2] neutrino oscillations
suggest that the neutrinos have extremely small but non-vanishing masses. Some extension
of the standard model (SM) must be necessary. In addition, large angles for the generation
mixing of leptons have been observed, contrary to the small angles for the quark genera-
tion mixing. Combined with experimental results for the neutrino oscillations by nuclear
reactors [3], detailed information on the lepton generation mixing has been obtained. How
should the SM be extended?
For physics beyond the SM, irrespectively of the problem on the neutrinos, grand unified
theories (GUTs) coupled to supersymmetry are very plausible from various theoretical view-
points. On the other hand, one of the most popular scenarios for incorporating the neutrino
masses is to introduce right-handed neutrinos with large Majorana masses [4]. The huge
mass differences between the neutrinos and the charged leptons could then be explained
naturally. This scenario is embodied in the GUT models whose gauge group is SO(10) or a
larger one. Unfortunately, the minimal GUT group of SU(5) does not contain a representa-
tion for right-handed neutrinos, unless ad hoc SU(5)-singlet fields are introduced. Therefore,
SO(10) GUT models might be now considered as most promising for the extension of the
SM.
One obstacle, however, confronts the GUT models based on SO(10) or a larger group.
The generation mixing for the quarks and that for the leptons are described respectively
by the Cabibbo-Kobayashi-Maskawa (CKM) matrix and the Maki-Nakagawa-Sakata (MNS)
matrix. These matrices are generically related to each other in those models. The observed
difference between the CKM matrix and the MNS matrix is not trivially understood. Var-
ious approaches thus have been tried to explain the difference [5], often contrived schemes
being invoked. The SO(10) GUT models also suffer from high dimensions of Higgs boson
representations. It is a complicated procedure to set, among their various fields decomposed
under SU(3)×SU(2)×U(1), two with quantum numbers (1,2,−1/2) and (1,2,1/2) light while
the others heavy for having consistent phenomenology.
In this letter we present a simple GUT model which can describe naturally the masses
and mixing of the neutrinos. The gauge group is the minimal SU(5) and supersymmetry
is imposed by coupling the model to N = 1 supergravity. The right-handed neutrinos are
not included. Within the framework of SU(2)×U(1) electroweak theory, the left-handed
neutrinos could have small Majorana masses without fine-tuning, if an SU(2)-triplet Higgs
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TABLE I: The SU(5) quantum numbers of the superfields. The suffixes a, b, and c denote the
group indices. The generation index is represented by i (= 1− 3).
Φab T
ab
T ab H
a
Ha
24 15 15 5 5
Ψabi Ψia (U
ab
c ) (U
c
ab)
10 5 45 45
boson is appropriately incorporated [6]. This mechanism is naturally embedded in our
model. The CKM matrix and the MNS matrix become independent of each other. Their
observed difference is merely due to different values for free parameters, as so are the mass
differences among the quarks and the leptons.
The model consists of Higgs superfields Φ, T , T , H , and H , and matter superfields Ψi
and Ψi, with i being the generation index. Their quantum numbers are shown in Table I.
In addition to the particle contents of the minimal SU(5) model, superfields of symmetric
15 and 15 representations are introduced. This 15 representation can couple to 5 × 5 of
matters, leading to Majorana masses for the left-handed neutrinos at the electroweak energy
scale. The complex conjugate 15 representation is needed in order to render T very heavy,
as well as anomaly free. These particle contents alone, however, may encounter a difficulty
in describing masses of some down-type quarks or charged leptons, which is a common
problem for ordinary minimal SU(5) models [7]. One of its solutions is to introduce an
additional Higgs superfield U of 45 representation, which couples to the matters 10× 5. In
this case, the complex conjugate 45 representation is also included for having a mass term
and anomaly cancellation. This option is discussed afterward.
The superpotential of the model is given by the sum of two sectors,
WH = MHHH +MTTr[TT ] +
1
2
MΦTr[Φ
2]
+ λHΦHΦH + λTΦTr[TΦT ] +
1
3
λΦTr[Φ
3]
+ λHTHTH + λHTHTH, (1)
WM = Γ
u
ijǫHΨiΨj + Γ
de
ijHΨiΨj + Γ
ν
ijΨiTΨj, (2)
where ǫ denotes the totally antisymmetric tensor of rank five. Contraction of SU(5) group
indices is understood. Involved are all the renormalizable terms consistent with SU(5) and R
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parity. The mass parameters MH , MT , and MΦ have values of the order of the GUT energy
scale MX , which is given typically by MX ∼ 1016 GeV. The superpotential WH contains
only Higgs superfields and determines the vacuum. The vacuum expectation value (VEV)
of Φ is responsible for breakdown of SU(5), and those of H and H are to break SU(2)×U(1).
The VEV of T induces masses of the left-handed neutrinos. The masses of the quarks and
leptons are generated by the superpotential WM . The coefficients Γ
u and Γν are symmetric
for generation indices.
The SU(5) gauge symmetry is broken at the vacuum. Although the superpotential WH
yields three degenerated vacua under global supersymmetry, this degeneracy is lifted by
N = 1 supergravity [8]. The scalar component of the adjoint representation Φ could have
a VEV 〈Φ〉 = diag(1, 1, 1,−3/2,−3/2)vΦ, where vΦ is given by vΦ ≃ 2Re(MΦ)/Re(λΦ)
and related to the X and Y boson masses as M2X = M
2
Y = (25/8)g
2
5
v2
Φ
. The VEVs of
the other scalar fields vanish. Then, the gauge symmetry after the breaking of SU(5) is
SU(3)×SU(2)×U(1) of the SM.
Below the GUT energy scale, the vacuum is prescribed by the scalar potential which
consists of the SU(3)-singlet components for H , H, T , T , and Φ. The relevant part of the
superpotential WH is written as
WH = −mHH1ǫH2 +mTTr[TT ] + 1
2
mΦTr[Φ
2]
+ λφ1(ǫH1)
TΦH2 + λφ2Tr[TΦT ] +
1
3
λφ3Tr[Φ
3]
+ λ(ǫH1)
TTǫH1 + λ(H2)
TTH2, (3)
where ǫ stands for the totally antisymmetric tensor of rank two. The SU(2)-doublet compo-
nents of H and H are expressed by H2 and H1 as H2 = (H
4, H5) and H1 = (−H5, H4). The
SU(2)-triplet components of Φ, T , and T are denoted by the same symbols. At the GUT en-
ergy scale, the coefficients have the valuesmH =MH−(3/2)λHΦvΦ, mT =MT−(3/2)λTΦvΦ,
mΦ = MΦ − 3λΦvΦ, λφ1 = λHΦ, λφ2 = λTΦ, λφ3 = λΦ, λ = λHT , and λ = λHT . We assume
that the magnitude of mH becomes of the order of the electroweak energy scale MW by fine-
tuning or some other mechanism, while the SU(3)-triplet components of H and H remain
of the order of MX . The mass parameters mT and mΦ also have a natural magnitude of the
order of MX .
The superpotential for the quark and lepton masses is written as
WM = η
ij
d H1ǫQ
iDcj + ηijuH2ǫQ
iU cj + ηije H1ǫL
iEcj
4
+
1
2
κij(ǫLi)TTǫLj , (4)
where Qi, U ci, Dci, Li, and Eci stand for the superfields for the quarks and leptons in a
self-explanatory notation. There exist possible Majorana mass terms for the left-handed
neutrinos. At the GUT energy scale, the coefficients have the values ηd = −Γde/
√
2, ηu =
4Γu, ηe = −(Γde)T/
√
2, and κ = 2Γν . The physical parameters for the coefficients are given
by the CKM matrix VCKM , the MNS matrix VMNS, and the diagonalized eigenvalue matrices
ηDd , η
D
u , η
D
e , and κ
D.
The scalar potential for H1 and H2 is mostly the same as the minimal supersymmetric
standard model, since the superfields T , T , and Φ have masses of the order of MX . In
the supersymmetry-soft-breaking Lagrangian, the Higgs bosons H1 and H2 have positive
masses-squared of the order of MW at the GUT energy scale. However, owing to a large
value of ηiju corresponding to the t quark mass, the mass-squared of H2 is driven negative at
the electroweak energy scale through quantum corrections. Non-vanishing VEVs are then
induced for those Higgs bosons and SU(2)×U(1) is broken down to U(1)EM [9]. The VEVs
of H1 and H2 are expressed by 〈H1〉 = (v1/
√
2, 0) and 〈H2〉 = (0, v2/
√
2), where v1 and v2
are related to the W -boson mass as M2W = (1/4)g
2
2
(v2
1
+ v2
2
).
We first show that the electroweak symmetry breaking induces non-vanishing VEVs for
T and T . Assuming that U(1)EM symmetry is not broken, we can put the VEVs of these
SU(2)-triplet fields at 〈T 〉 = diag(0, vT/
√
2) and 〈T 〉 = diag(0, vT/
√
2). Since the scalar
components of T , T , and Φ have large positive masses-squared of the order of MX through
the F -term scalar potential, the magnitudes of vT and vT , as well as the VEV of Φ, must
be extremely smaller than v1 and v2, albeit non-vanishing. The contribution of vT and vT
to the VEV of the scalar potential is given by
V =
1
2
|mT |2
(
|vT |2 + |vT |2
)
+
1√
2
Re
(
λm∗Tv
2
2
v∗T
)
+
1√
2
Re
(
λm∗Tv
2
1
v∗
T
)
, (5)
where we have neglected the terms whose magnitudes should be smaller than the order of
(MW )
4. The non-negligible terms all arise from the F -term scalar potential. The values for
vT and vT become non-vanishing at the vacuum, which are given by
|vT | =
∣∣∣∣∣
λv2
2√
2mT
∣∣∣∣∣ , |vT | =
∣∣∣∣∣
λv2
1√
2mT
∣∣∣∣∣ . (6)
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For mT ∼ 1014 GeV and v1, v2 ∼ 102 GeV, the VEVs vT and vT are of the order of 10−1 eV.
The left-handed neutrinos can have the masses which are of the correct order of magnitude.
It should be noted that the appropriate value for mT is smaller than MX by one or two
orders of magnitude.
We now turn to the discussion of the CKM and MNS matrices and the eigenvalue matrices
for the Higgs coupling coefficients. The values of these matrices depend on the energy scale
of physics, which are governed by the renormalization group equations for the coefficient
matrices ηd, ηu, ηe, and κ appearing in Eq. (4). Between the energy scales MX and MW ,
the renormalization group equation of κ is given at one-loop level by
µ
dκ
dµ
=
1
16π2
{(
5g2
2
+
9
5
g2
1
+
1
2
Tr[κ†κ]
)
κ
+ηeη
†
eκ+ κηeη
†
e
}
, (7)
where g1 denotes the normalized U(1) gauge coupling constant. We have taken the generation
basis in which ηe is diagonal. For calculations of self-energies and vertex corrections, the
contributions from the superfields T and T have been neglected. The renormalization group
equations for ηd, ηu, and ηe are known in the literature. Experimentally measured quantities
are the CKM and MNS matrices at the electroweak energy scale. The eigenvalue matrices
ηDd , η
D
u , η
D
e , and κ
D at this energy scale could also be determined, provided that the ratios
of v1 to v2 and to vT are given.
The superpotential WM in Eq. (2) can accommodate any values for the CKM and MNS
matrices. Any masses for the up-type quarks and neutrinos can also be realized. Given the
experimentally determined values for VCKM , VMNS, η
D
u , η
D
d , η
D
e , and κ
D, the values which
these matrices should have at the GUT energy scale are obtained by the renormalization
group equations. For expressing the coefficient matrices, we take the generation basis in
which ηd and ηe are diagonal. The required values for VCKM , VMNS, η
D
u , and κ
D are fulfilled
by taking the coefficients as
Γu =
1
4
(VCKM)
TηDu VCKM , (8)
Γν =
1
2
(VMNS)
TκDVMNS. (9)
These equations can always be satisfied, since the coefficients Γu, Γde, and Γν are independent
mutually.
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A problem arises from the masses of down-type quarks and charged leptons. According
to WM in Eq. (2), the coefficient matrices ηd and ηe should have the same eigenvalues at the
GUT energy scale,
Γde = −
√
2ηDd = −
√
2ηDe . (10)
However, the experimental results do not naively lead to these coincidences, except for the
b quark and the τ lepton. As an example, let us take md = 4.0 MeV, ms = 1.1 × 102
MeV, and mb = 3.1 GeV for the down-type quark masses, and me = 4.9 × 10−1 MeV,
mµ = 1.0 × 102 MeV, and mτ = 1.7 GeV for the charged lepton masses at the electroweak
energy scale. The ratio of the VEVs is put at v2/v1 = 30. Then, at the GUT energy
scale, the eigenvalue matrices are given by ηDd = (2.1 × 10−4, 5.8 × 10−3, 2.0 × 10−1) and
ηDe = (6.0×10−5, 1.2×10−2, 2.2×10−1). For the first two generations, there appear differences
by a factor of three or two. This difficulty could be relieved if the difference of a few
orders of magnitude between MX and mT is correctly taken into account in the analysis by
renormalization group equations. Furthermore, the determination of the light quark masses
by experimental results is very difficult. Therefore, the above mentioned discrepancy may
not be serious for the present model.
The problem of the down-type quark and charged lepton masses could eventually be
solved by including the Higgs superfields U and U of 45 and 45. Then, the superpotentials
in Eqs. (1) and (2) have additional terms
WH = MUUU + λUΦUΦU + λHUHUΦ
+λHUHUΦ + λTUUTU + λTUUTU, (11)
WM = Γ
u
ijǫUΨiΨj + Γ
de
ij UΨiΨj . (12)
A new source of masses for the down-type quarks and charged leptons is involved, which
invalidates the relation in Eq. (10). The up-type quark masses also receive new contri-
butions. The coefficient Γ
u
is antisymmetric for generation indices. The SU(2)-doublet
components of U and U for the Higgs superfields are formed as (2
√
6/3)(−U45
5
,−U54
4
) and
(2
√
6/3)(U
4
54
,−U 5
45
), with U(1) hypercharges 1/2 and −1/2, respectively. The factor 2√6/3
is multiplied for the normalization.
The Higgs superfields H1 and H2 in Eq. (4) are composed of the SU(2)-doublet superfields
H5
2
, H5
1
, H45
2
, and H45
1
in respectively 5, 5, 45, and 45. After breakdown of SU(5), they are
7
mixed by the the term
W =
(
H5
1
H45
1
)
Mǫ

 H
5
2
H45
2

 , (13)
M =

 −MH +
3
2
λHΦvΦ − 15
4
√
6
λHUvΦ
− 15
4
√
6
λHUvΦ MU − 1916λUΦvΦ

 .
Assuming an approximate equation for the elements of the mass matrix as M11M22 −
M12M21 ∼ MWMX , a pair of linear combinations of the SU(2)-doublet superfields have
a small mass term of the order of MW . Electroweak symmetry breaking is due to this pair
of Higgs superfields, which are expressed by
H1 = (C
†
1)11H
5
1
+ (C†1)12H
45
1
, (14)
H2 = (C
†
2)11H
5
2
+ (C†2)12H
45
2
. (15)
Here, C1 and C2 stand for the unitary matrices which diagonalize the mass matrix by
(C1)
TMC2. The other pair of SU(2)-doublet superfields have naturally a large mass term
of the order of MX . Decoupling from theory below the GUT energy scale, these superfields
do not affect flavor-changing neutral current processes at the electroweak energy scale nor
energy evolutions of the gauge coupling constants for SU(3), SU(2), and U(1).
The masses of the down-type quarks and charged leptons can now be accommodated.
At the GUT energy scale, the coefficient matrices appearing in Eq. (4) are given by ηd =
−(C1)11Γde/
√
2 − (C1)21Γde/2
√
3, ηe = −(C1)11(Γde)T/
√
2 + 3(C1)21(Γ
de
)T/2
√
3, and ηu =
4(C2)11Γ
u − 4(C2)21Γu/
√
6. Taking the generation basis in which ηd and ηe are diagonal,
any values for the down-type quark and charged lepton masses are described in this model
by imposing the conditions
Γde = − 1
2
√
2(C1)11
(
3ηDd + η
D
e
)
, (16)
Γ
de
= −
√
3
2(C1)21
(
ηDd − ηDe
)
. (17)
The coefficients for the up-type quark masses should be taken as
Γu =
1
8(C2)11
{
(VCKM)
TηDu (U
u
R)
T
+UuRη
D
u VCKM
}
, (18)
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Γ
u
= −
√
6
8(C2)21
{
(VCKM)
TηDu (U
u
R)
T
−UuRηDu VCKM
}
, (19)
where UuR is an arbitrary unitary matrix. For the neutrinos, the condition on Γ
ν is not
altered and given by Eq. (9).
In summary, we have shown that the experimental results for the neutrinos are understood
naturally in a GUT model based on SU(5) gauge group and N = 1 supergravity. Only by
incorporating symmetric 15 and 15 representations for new Higgs superfields, the neutrinos
can have, without fine-tuning, the masses which are observed. The CKM matrix and the
MNS matrix become independent of each other. Their difference is considered a reasonable
consequence of the fact that the relevant parameter values are freely given at the GUT
energy scale. Inclusion of 45 and 45 representations is possible to accommodate the down-
type quark and charged lepton masses.
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